Graphene nanoplatelets (GNPs) have proved to be effective fillers for enhancing the mechanical and tribological properties of bulk ceramics and glasses, also with the added benefit of developing electrical and thermal functionalities. Similarly, enhanced transport performance has recently been shown for glass-ceramics coatings of the Y 2 O 3 -Al 2 O 3 -SiO 2 (YAS) system containing a small amount of GNP fillers, intended for applications in the aerospace industry. In the present work, the wear and friction behaviour of GNP/YAS coatings -containing 0, 1.2 and 2.3 wt.% GNPs-on silicon carbide substrates is evaluated. The flame spraying process used for coating fabrication induces a structure of splats oriented parallel to the substrate with GNPs located at the inter-splat boundaries forming a connected network of platelets mainly oriented parallel to the surface as well. Unlubricated ball-on-plate reciprocating wear tests show that both the friction coefficient and the wear rate decreased by 35% and 65%, respectively, ACCEPTED MANUSCRIPT 2 for 2.3 wt% of GNPs. A wear mechanism for GNP/YAS coatings based on both the progressive exfoliation of the graphene sheets and the effect of the GNPs on preventing crack propagation within the coating is proposed.
Introduction
Different industries often look for materials with increasingly better thermo-mechanical properties at high temperatures to accomplish with requirements of enhanced performance [1] [2] [3] [4] . For example, carbon fibre/carbon (C f /C) and C f /silicon carbide (C f /SiC) composites are foreseen as main components of the thermal protection system (TPS) in aerospace launch vehicles, especially in zones that must bear temperatures above 1200 °C during the re-entry into the Earth atmosphere. These state of the art composites should keep good mechanical properties at temperatures above 700 °C, as well as their low weight and small thermal expansion coefficient [5] . However, C f /C and C f /SiC composites need to be protected against massive oxidation occurring above 500 °C in atmospheric conditions, which is mainly managed by using ablative coatings [6] [7] [8] . In this context, glass-ceramic coatings can provide a proper protection against corrosion and oxidation, while providing self-healing capability at service temperatures.
Recently, glass-ceramic coatings with Y 2 O 3 -Al 2 O 3 -SiO 2 (YAS) compositions were successfully deposited by flame spraying over SiC, C f /C and C f /SiC substrates [9 -11] .
On the other hand, common concerns associated to aerospace flights are external perturbations such as ice crystals formation, space debris or micrometeorites impacting the covering tiles during ascent and, therefore, a better tribological performance of the external surfaces would improve the TPS performance. In addition, a reduction of the A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 3 friction coefficient (µ) can diminish the heat generated by friction between the ceramic tiles and the atmosphere in the re-entry manoeuvre, decreasing the temperature of the launch fuselage. In this sense, protective coatings containing graphene fillers are expected to reduce the friction and improve the wear performance in a similar way as it was already observed in bulk composites [12] [13] [14] [15] . However, there are very few works on the tribological properties of graphene/ceramic composite coatings; in particular, we can mention just the works on zirconia [16] and calcium silicate [17] matrices for biomedical applications, reporting significant reductions in wear (up to 50%) and friction (29%) in the case of zirconia [16] . To the best of authors' knowledge, there is not any work on the wear properties of glass-ceramic coatings with graphene fillers.
In a previous work by some of the present authors [18] the possibility of achieving YAS hybrid coatings containing graphene nanoplatelets (GNPs) by flame spraying, with enhanced damage tolerance and ablation resistance [19] as well as electrical and thermal functionalities [18] , was demonstrated. In present work, the effect of GNPs on the tribological performance of YAS coatings is evaluated by using unlubricated ball-onplate reciprocating tests at increasing loads. The decisive role of GNPs network within the YAS coating on the wear mechanism is supported by scanning electron microscopy (SEM) observations and micro-Raman spectroscopy analyses.
Experimental
The to counterbalance silica vaporization, was prepared in the same way as described in a previous work [18] . For the GNP/YAS mixtures, high purity (>99.7%) functionalized
GNPs (N008-100-P-10, Angstron Materials Inc., U.S.A.) were used, with x-y dimensions between 5-10 μm and thickness of 50-100 nm. Two different GNP/YAS compositions with 5 and 10 vol.% of GNPs (3.3 and 6.5 wt.%, respectively), were prepared following the same route as described in ref [18] . In short, YAS powders were mixed by attrition milling for 1 h in water; whereas, at the same time, a stable suspension of GNPs (2 mg·ml -1 ) in distilled water was obtained after 30 min of µm was previously flame sprayed to assure the mechanical anchoring of the glassceramic layer as described elsewhere [20] .
The GNP/YAS compositions were flame sprayed onto the Si bond coat with an oxyacetylene gun (CastoDyn DS8000; Eutectic Castolin, Spain) using a gas mixture between the flatten lamellae corresponding to the GNPs [18] emerges. The nanoplatelets are plainly noticed protruding from the inter-splat boundaries, as shown in Fig. 1d for the YAS-1.2 coating. The graphene stacks show different thickness and develop also certain corrugation, as they adapt to the lamellae interfaces (see white arrows in Fig.   1d ). Sporadically, smaller size GNPs can be seen trapped inside the splats (see black arrows in Fig. 1d ). 
Results and Discussion
between the GNPs and the matrix, thus the GNP/YAS interface would become a favourable shearing plane. In the particular case of coatings, a reduction of E is not necessarily detrimental as deformability and strain tolerance would be enhanced. values as a function of the GNPs content at the two tested loads.
As it can be seen in Fig. 3a,b , the wear volume decreases when adding GNPs and this reduction is again more prominent for the higher load tests. Actually, W V for
YAS-1.2 and YAS-2.3 coatings decreased at 5 N by 40% and 20%, respectively, as compared to the YAS coating, whereas at 10 N reductions were correspondingly of 45% and 65%. In a similar way, the W R at 5 N ( Fig. 3c ) fluctuates in the range 1.0-1.7  10 -4 mm 3 ·N -1 ·m -1 for all coatings, but being always slightly lower for the hybrid coatings than for plain YAS. Conversely, W R at 10 N abruptly decreases with the GNPs content, diminishing by 65% for YAS-2.3 coating (Fig. 3c ). The range of W R values (in the order of 10 4 mm 3 N -1 m -1 ) indicates that severe wear regime prevailed in all cases (i.e., coatings and testing conditions) however the dominant wear mechanism depended on whether or not the coating contained GNPs.
On the other hand, it was quite remarkable that W V of the steel balls were rather low (0.15 -0.20 mm 3 ) and no substantial changes with load were measured in the case of the hybrid coatings. For the case of the hybrid YAS-2.3 coating, lower wear volumes values were attained at 10 N than at 5 N ( Fig. 3b) , results that again support the active role of the GNPs in the wear process for high test loads. FESEM observations of the wear scars on the coatings (Fig. 4 ) confirm that different wear processes are operative for each material type. For the plain YAS coating, a rough scar linked to the formation of a tribofilmdisplaying a higher compaction at 10 N than at 5 N-is clearly observed. This tribofilm appears extremely cracked probably because of the intense cyclic fatigue of the surface and the rising of internal stresses. The large W V of the YAS coating is then explained by the typical brittle behaviour of glass coatings -as the development of long radial cracks emanating from the corners of indentation prints infers (Fig. 5a )-, which most probably produces the instability of the generated debris. The EDS analysis of the plateaus observed on the wear tracks for the hybrid GNP/YAS coatings (Fig. 7a,c) confirm the presence of atomic elements from the YAS matrix (Si, Al and Y) as well as some carbon content (probably coming from the GNPs). The micro-Raman spectra of the carbon rich areas on the plateaus (also included in Fig. 7b,d) verified the presence of some GNPs, also showing a slight increase in the intensity ratio between the D-and G-characteristic bands of graphene compared to the untested coating (0.36 versus 0.64 for the YAS-2.3 coating tested at 10 N). Therefore, these flat regions would correspond to splats in which some GNPs still remain attached. Moreover, the proposed wear mechanism is also congruent with the mechanical properties of the GNP/YAS coatings. As it is shown in Fig. 5b ,c, the indentation damage in the case of the hybrid coatings is linked to a favourable shearing along the weak inter-splat boundaries where graphene sheets are situated. Besides, the propagation of radial cracks emanating from the indentation corners, which were typically generated in the brittle YAS coating (Fig. 5a ), is limited in the case of the GNP/YAS coatings (Fig. 5b,c) . This mechanical behaviour is compatible with an increased toughness and damage resistance dominated by frictional dissipation at sliding interfaces. In fact, when indentation median cracks generated at the imprint corners in the hybrid coatings propagate (see black arrows in Fig. 5d ), they were either arrested or bridged by GNPs at inter-splat locations. These phenomena are promoted in the direction perpendicular to the GNP basal plane -i.e. to the coating surface-and then wear damage inside the hybrid coatings is prevented, whereas exfoliation of the GNPs is favoured helping lubrication. Both aspects would explain the improved wear resistance and lower friction coefficient of these hybrid coatings with increasing load and GNPs amount. Fig. 9 shows the schematic explaining the wear scar evolution for the plain YAS and hybrid GNP/YAS coatings associated to the proposed mechanism.
Crack arresting by GNPs in the direction perpendicular to the surface and GNPs pull- 
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The 
